The distribution of genetic variance was investigated in two closely related Oreina leaf beetle species, Oreina cacaliae and Oreina speciosissima. Populations of these alpine beetles were sampled in mountainous areas of Western Europe, the total sampling area ranging from the Pyrenees to the Czech Republic. Allozyme electrophoresis of 21 (O. cacaliae) and 16 (O. speciosissima) loci revealed high genetic variability as expressed in a high percentage of polymorphic loci (only one monomorphic locus was found in each species) and high heterozygosities. No overall linkage disequilibrium was found in either species. Extensive heterozygote deficits were observed in several samples as reflected by high F IS -values and high overall inbreeding coefficients (F IT ) of 0.349 (O. cacaliae) and 0.503 (O. speciosissima). The overall inbreeding coefficient was mainly attributable to within-population differentiation. The high heterozygote deficits are explained by a combination of inbreeding resulting in kinship groups and a sampling effect over several such kinship groups. No explanation of the observed patterns could be found in the host plant use or altitudinal location of the samples. For O. cacaliae, isolation by distance was found, but not for O. speciosissima. Gene flow estimates were in the range of Nm = 0.8 to 1.5.
Introduction
Historical, ecological and demographic processes are reflected in the genetic population structure of a species. Historically, vicariance events may lead to a biogeographical splitting of a species into two isolated and independently evolving lineages. Ecologically, intrinsic habitat discontinuities in space or time can lead to effective isolation at very small scales (Roderick, 1996 and references therein). For phytophagous insects, plant patches represent such habitat discontinuities in space that have been demonstrated as being responsible for population structuring (Guttmann et al., 1989; Rank, 1992) . If it changes to a new host plant species, a herbivore generally has to develop certain adaptations: to overcome plant defence mechanisms and to adapt to a different nutritional quality or to different natural enemies. Thus, different host plants (or, more generally, 'differential use of habitat') may also cause divergence. Finally, demographic processes such as group size, dispersal and the mating system ultimately mould the genetic population structure of a species.
In the leaf beetle genus Oreina (Coleoptera, Chrysomelidae, Chrysomelinae) all of these factors have been proposed as being responsible for species divergence (Dobler et al., 1996) . Because they are mostly alpine species, these beetles must have undergone major habitat shifts during the last glaciation. Currently they live not only in geomorphologically and climatically very diverse environments, but within this habitat they also occur in locally subdivided groups on their host plant patches. Previous work has shown that there is considerable genetic variation within and between Oreina populations (Eggenberger & Rowell-Rahier, 1991; RowellRahier, 1992) . However, the limited number of populations in these studies could not provide an explanation for the observed patterns.
In this paper, the results are presented of a macrogeographical study on the distribution of *Correspondence. E-mail: knoll@cefe.cnrs-mop.fr ©1998 The Genetical Society of Great Britain.
genetic variability of two Oreina species, Oreina cacaliae and O. speciosissima. The first aim of the paper was to report and compare the genetic variability of these two sympatric sister species. Secondly, an explanation of the observed patterns was sought. Therefore, correlations were looked for between the observed genetic structure and ecological characteristics of the samples. Thereby the relative importance of different host plants, different geographical locations and different climatic regimes (as suggested from the large altitudinal range of the sites of these alpine beetles) were evaluated.
Materials and methods

Natural history of the beetles
The biogeographical range of O. cacaliae and O. speciosissima extends from north-eastern Spain, through southern France and throughout the Alps, and extends into the Karpats and the Czech and Slovakian mountains (Kühnelt, 1984) . Both species are recorded between 500 m and 3000 m altitude. They occur sympatrically, feeding on the same host plant patches of perennial herbs (Adenostyles spp., Senecio nemorensis-fuchsii and Petasites albus), but O. speciosissima has a slightly broader ecological niche (concerning host plant spectrum, geographical range and type of chemical defence). Both species are ovoviviparous and have overlapping generations. Overwintered males and gravid females occur in early spring; larvae are laid from spring until early summer directly on the host plants. Larvae develop in four larval stages to adults either in the same year, or, if they are late, overwinter as L4 in the soil.
Oreina cacaliae and O. speciosissima have chemical defences (Hartmann et al., 1997) and are aposematic. They show considerable colour polymorphism. Colour is still often used in the identification of subspecies or races (e.g. Kühnelt, 1984) , although only the aedeagus is considered as a reliable character for species determination (Bourdonné & Doguet, 1991) . The heritability of colour polymorphism, even though documented for other leaf beetles (Vasconcellos-Neto, 1988 ) is unknown for any species of the genus Oreina. Within populations, individuals of both species show only minor colour variations. Sympatric species of Oreina often show the same colour morph within one population (S. Dobler, pers. com.; pers. obs.) . As the colours are thought to be warning signals to possible predators (birds), this could be mimicry and adaptation of individuals to the local dominating colour form and, consequently, would be under strong selective control (Vasconcellos-Neto, 1988) .
Sampling
Populations of the two Oreina species were sampled mainly in summer 1993, with some additional populations sampled during the summers of 1994 and 1995. The total sampling area ranged from the central Pyrenees to the Czech Republic (Table 1) .
One sample always consisted of beetles randomly taken from only one host plant patch, a patch being defined by continuous plant cover. Adult beetles were picked by hand from their host plants, brought alive to the laboratory and stored in liquid nitrogen. Samples were always more than 5 km apart. Because host plant patches can be very large (up to 1 km 2 ) and beetles very abundant (densities from 0.8 to 3 beetles m 2 , S. Knoll & M. Rowell-Rahier, unpubl. obs.) , sometimes only a fraction of the patch was sampled (the sampled area rarely exceeded 100 m 2 ). Earlier studies (Rowell-Rahier, 1992 ) have documented high F IS -values for both species and explained them by a Wahlund effect. Therefore the supposedly smallest possible 'random mating unit' (beetles at the same host plant patch) was sampled to avoid sampling over more than one neighbourhood. All patches sampled were clearly dominated by one host plant species (and were classified as such), even when more than one host plant species was present in the area. Each patch was located on 1 : 25000 topographical maps and this was recorded, together with host plant species and colour of the beetles as patch characteristics (Table 1) .
Allozyme electrophoresis
Thoracic muscles were homogenized in 0.1 M Tris-EDTA buffer with 2-Mercaptoethanol, pH 7.0. The following 16 enzyme systems were scored in standard horizontal starch gel electrophoresis (12% Sigma starch; for methods see Hillis & Moritz, 1990) (Table 2) . Banding patterns of all reported enzyme systems followed the ones reported in the literature (Hillis & Moritz, 1990) .
Statistical analyses
Calculations of allele frequencies and tests for linkage disequilibrium and Hardy-Weinberg equilibrium were performed using GENEPOP version 2.0 (Raymond & Rousset, 1995) . Associations of genotypes between loci were tested for each population (Raymond & Rousset, 1995) . For all tests a sequential Bonferroni correction for multiple comparisons was applied.
As measures of genetic variability the number of alleles per locus, percentage of loci polymorphic and the unbiased heterozygosity estimate as well as observed heterozygosity were calculated, using the program BIOSYS-1 (Swofford & Selander, 1981) .
Unbiased estimates of F-statistics were calculated with FSTAT (Goudet, 1995) according to the formulae given in Weir & Cockerham (1984) . Standard deviations for single-locus estimates were calculated by jackknifing over populations, and standard errors for means by jackknifing over loci.
A possible relationship was tested between, as dependent variables, the observed genotype and one morphological trait (colour) and, as possible explanatory factors, host plant association and geographical and altitudinal isolation (nonparametric Mantel tests, e.g. Manly, 1985) . The following five distance matrices were used: the genetic distance matrix (Rogers's modified genetic distance); a 'colour-type' matrix; the geographical distance matrix; the altitudinal distance matrix; and a 'host plant' matrix. For the 'colour-type' matrix, the observed colours were coded in distinct classes and the distance between samples with beetles of the same colour was coded as 0 and that between samples with beetles of different colours as 1. In the same way, the 'host plant' matrix coded the distance between patches dominated by the same plant species with 0, and that between patches dominated by different plant species with 1. Latitude and longitude of the sampling sites and altitude were recorded from 1 : 25000 topographical maps and the distance matrices were calculated from these. For each patch these characteristics are given in Table 1 . Mantel tests were performed with the program R (Legendre & Vaudor, 1991) . Based on 10 000 permutations, r-values and the significance of correlations are reported.
To account for correlations between the explanatory matrices (geographical distance, altitude and host plant), partial Mantel tests were conducted following the method of Smouse et al. (1986) whenever appropriate.
Isolation by distance was further tested as described by Slatkin (1993) . Nm-values as measures of gene flow were calculated by the private alleles method adjusted for sample sizes (Barton & Slatkin, 1986 ) and compared to those calculated from F ST -values.
Results
Allele frequencies
These are available from the authors on request. For each species only one locus was monomorphic (95% criterion) in all samples (Ark2 in O. cacaliae and Idh2 in O. speciosissima). All loci except Gapdh for both species and Fdh and Mdhp for O. cacaliae were also fixed in at least one sample, some samples being fixed for different alleles (Table 2) . A mean of 6.1 alleles per locus was found in O. cacaliae and of 5.9 alleles per locus in O. speciosissima; when excluding rare alleles (p0.05) these numbers decreased to 2.2 and 2.1, respectively.
No latitudinal, longitudinal or altitudinal cline was found for any of the alleles with an overall frequency of p0.10. 
Genetic variability measures
The number of alleles per locus found in single samples was the only measure of genetic variability dependent on sample size and was therefore not considered. Percentage of polymorphic loci for O. cacaliae ranged from 33.3% (Nova Pec) to 80.9% (Adelboden and Ferret), and for O. speciosissima from 31.3% (Zamecek) to 81.3% (Safien-Rainmatte). Unbiased heterozygosity values for O. cacaliae ranged from 0.138 (Nova Pec) to 0.365 (Ochsenalp), and for O. speciosissima from 0.140 (Appenzell) to 0.370 (Safien-Rainmatte) ( Table 3) .
As for single alleles, no significant correlation of any measure of genetic variability with latitude, longitude or altitude could be found.
F-statistics
1 Oreina speciosissima. A wide range of F IS -values was observed in the different samples, ranging from 0.072 to ǹ0.637 (Table 3 ). The overall inbreeding coefficient was high, with a value of F IT of 0.503<0.056. This was mostly attributable to the within-population component (F IS = 0.350<0.042), although there was also considerable among-population differentiation (F ST = 0.236<0.043). colour, host plant, geographical distance and altitude) all combinations were significantly correlated, except for the relationship between genotype and host plant (Table 5 ). After removing the interaction of altitude and geographical distance, geographical distance was still positively correlated with colourtype (r = 0.62, P0.002), but not with genetic distance (r = 0.14, P = 0.142), and altitude was not significantly correlated with either genotype (r = 0.21, P = 0.131) or colour-type (r = 0.26, P = 0.082). Geographical distance was also positively related to colour-type after removing host plant effects (r = 0.62, P = 0.001), so it can be concluded that there is a geographical component determining colour-type. However, there was still a positive host plant component on colour-type, even when geographical effects were removed (r = 0.36, P = 0.003). 2 Oreina cacaliae. In the pairwise Mantel test, colour-type was positively correlated with altitude and allozyme genotype was positively correlated with geographical distance. No other combination showed positive correlations (Table 5) .
Isolation by distance and gene flow
Slatkin's method (Slatkin, 1993) 
Discussion
Distribution of genetic variance
Oreina cacaliae and O. speciosissima displayed a high genetic variability. Measures of genetic variability were in the same range for both species, not supporting the hypothesis of greater genetic variability in the species with broader ecological niche. In comparison with studies of other chrysomelid species, the percentage of polymorphic loci is very high; the heterozygosity values, however, are similar to those reported in Rowell-Rahier (1992) and for other Chrysomelidae (references in Knoll et al., 1996) .
Considerable genetic variation was found, both within and among populations. Moreover, the within-population component was larger in both species than the amount of genetic variation (Wright, 1978) . The high F IS -values reported here correspond to those reported in an earlier study (Rowell-Rahier, 1992) . On the other hand, the difference in F ST -values between the two species suggested in the previous study could not be confirmed. The much lower F ST -value (0.051) for O. speciosissima formerly reported was probably an artefact, because only three samples were studied and because of the wide range of single betweenpopulation F ST -values in the present study. The high F IS -values in this study result from substantial heterozygote deficits in almost all populations. This is not an effect of one or two single loci, nor do all loci show a similar amount of heterozygote deficit, as would be the result of inbreeding or a Wahlund effect. A homogeneous heterozygote deficit over nine polymorphic loci was, for instance, observed in the cave-dwelling beetles of the genus Speonomus (Crouau-Roy, 1988) and was explained by inbreeding.
Three possible explanations are generally invoked to explain heterozygote deficits: the presence of null alleles, inbreeding or a Wahlund effect. The possibility of null alleles can be excluded because no missing genotypes (homozygous null alleles) were found in the gels. Bilton (1992) , in a study on the dytiscid beetle Hydroporus glabriusculus, found a similar pattern of high overall genetic variance, mainly caused by high F IS -values. He attributed this to the sampling procedure conducted over several different aggregations. The sampling procedure in the study reported here was explicitly designed to avoid Wahlund effects, sampling only small and continuous host patches, within which the beetles were spaced evenly. Although the beetles do not disperse much (S. Knoll & M. Rowell-Rahier, unpubl. obs.) , a substructuring of independent groups within these patches seems unlikely.
Inbreeding should result in a homogeneous effect at all loci, which was not found here. We explain the pattern found by a combination of inbreeding resulting in kinship groups and a sampling effect over several different closely related groups.
Similar arguments have been used for the treehopper Enchenopa binotata (Guttmann et al., 1989) . In this species, high differentiation among samples of nymphs on different branches of their host trees and high F IS -values within these branches were explained by sampling over the offspring of only a few females. This argument implies that later in the season (before mating) there is dispersal and thus a mixing of these sibling groups. No smaller F IS -values were found in the populations sampled just before larviposition, the time when most dispersal and mixing should have taken place. F IS -values were not related to the date of sampling, so results from the present study do not represent a structuring which is not significant for the population.
The extent of inbreeding (mating with relatives) and whether this occurs by chance (because of limited dispersal) or by assortative mating can only be speculated about. There is no information about mate choice or parentship in Oreina species. In the field frequent mating can be observed up to the time of larviposition and it is known from laboratory studies that these frequent matings do not result in more larvae (S. Dobler, pers. comm.) . Also, males of the previous year's generation were often observed mating with newly hatched, still soft females. Overlapping generations, in combination with low vagility, should increase the possibility and magnitude of inbreeding.
In conclusion, it is suggested that Oreina 'host plant patch' populations do not mate at random and probably constitute a mix of more or less closely related kin groups.
Causes of population structuring
A correlation of population variability with environmental parameters is an indication of local adaptation and selection (e.g. Manly, 1985) . For three explanatory factors, host plant, geographical distance and altitude, tests were made for an influence on the population structure. For both species there are no host plant effects at the macrogeographical scale investigated here. This is in agreement with the results of a phylogenetic study of the genus, which documented low host fidelity and flexibility in host affiliations for the genus (Dobler et al., 1996) . Autogenous defence, in combination with aposematism, is expected to promote independence from the host plant (Dobler et al., 1996) . Because O. cacaliae has given up the possibility of autogenous defence, relying exclusively on sequestration of host secondary compounds, a closer association to its host as reflected in its smaller host plant spectrum would have been expected. At a microgeographical scale Kreslavsky et al. (1976) reported host races for O. cacaliae from a morphometric study based on length of elytrae. However, a morphometric study of 12 characters conducted on a subset of the populations presented here, ranked length of elytrae as not very informative for investigating differentiation between O. cacaliae or O. speciosissima populations. The most informative characters were those measured on the aedeagus and the length of tarsae (Gallusser, 1996) .
For O. cacaliae, the observed population structure seems to result from isolation by distance, which, in turn, cannot be explained by selection and adaptation in geographically different areas, as indicated by the absence of any clinal pattern. Rather, the pattern of isolation by distance seems to be imposed by limited gene flow and geographical distance in an otherwise homogeneous species as originally proposed by Wright (1978) . In a recent review of population structure of phytophagous insects, Peterson (1996) shows that isolation by distance is a general feature of the population structure of sedentary species on a macrogeographical scale.
The colour of O. cacaliae showed a strong correlation with altitude: at higher altitudes, beetles were dark blue. Melanism at high altitude is a common feature of many insect species and is commonly explained by providing better ultraviolet protection.
Colour-types are often used in chrysomelids to identify 'races' or 'subspecies' (e.g. Kühnelt, 1984 for Oreina), but so far no genetic differentiation can be shown for colour forms (Verdyck et al., 1996) . Colour-type was used in the present study as a morphological character and no correlation with geographical distance was found. By contrast, in a detailed morphometric study of O. cacaliae (Gallusser, 1996) , identical patterns were found for the morphological variation as for allozymic variation (namely 'isolation by distance' for both data sets). However, the study revealed that there is no correlation between the morphological data set and the allozyme data set, although data were obtained from the same individuals. Geographical distance is influencing both of them independently.
For O. speciosissima none of the tested environmental factors (geographical distance, altitude and host plant) was correlated with genotype. However, colour-type was correlated with geographical distance and host plant. This might reflect a flaw in the sampling regime employed in this study. The populations from the Czech Republic all belong to a specific colour-type (green with red stripes, found nowhere else), and the population from Hörnli is the only black one and the only one on Cirsium spinosissimum (Table 1) . Oreina speciosissima showed no indication of isolation by distance and low Nm-values around one, which could be interpreted as indicating a species not at equilibrium with virtually no ongoing gene flow (Slatkin, 1993) . However, the sampling for O. speciosissima populations was not as intensive as for O. cacaliae, and it might not have the power to detect isolation by distance (Slatkin & Maddison, 1990; Slatkin, 1993) . This seems more likely, as there is no explanation for why O. cacaliae should have reached an equilibrium state, whereas O. speciosissima has not.
Conclusion
Both species show comparable amounts of genetic variation and considerable population structuring. In O. cacaliae the observed structure can be explained by the isolation-by-distance model-limited gene flow in a sedentary species over larger distances-whereas for O. speciosissima no such explanation could be found. For both species, no host plant effect can be detected. Obviously, demographic processes play an important role in determining the distribution of genetic variation in Oreina species and merits further investigation.
